ABSTRACT: Sulfur and nitrogen mustards are very toxic, yet versatile organic molecules with numerous applications. Herein, we report on a synthesis of a new class of green compounds, i.e., half-mustard and iprit carbonates, that result in new, unexplored, and safe molecules. Their chemical behavior with several nucleophiles and their reaction kinetics have been investigated.
■ INTRODUCTION
Nitrogen and sulfur mustards, namely, bis-N,N-(2-chloroethyl)-ethylamine and bis-(2-chloroethyl)sulfide, are infamously known to be cytotoxic vesicant substances widely used as chemical weapons during World War I ( Figure 1 ). 1−3 However, their acute toxicity, deadly on the battlefield, is also what renders them a class of versatile and interesting compounds extensively exploited in inorganic 4−7 and organic chemistry. 8−14 It is, in fact, well known that the toxicity of mustard compounds is strictly related to their high reactivity. Sulfur and nitrogen mustards, as well as their monofunctional analogues half-mustards, i.e., 2-chloroethyl methyl sulfides and 2-chloroethyl dimethylamine (Figure 1 ), readily eliminates a chloride ion by intramolecular nucleophilic substitution promoted by the sulfur or nitrogen anchimeric effect. The resulting cyclic episulfonium/aziridinium ion intermediates are highly reactive toward nucleophilic substitution. 15 Furthermore, nitrogen mustard bis-N,N-(2-chloroethyl)-ethylamine and a number of its derivatives are of vivid interest because they are extensively used in various cancer treatments. 16−24 We already reported several examples where substituting a chlorine atom with a carbonate moiety via dialkyl carbonate (DAC) chemistry resulted in new green synthetic pathways with various applications, i.e., synthesis of linear and cyclic carbamates, selective mono-C-methylation of CH 2 -acidic compounds such as arylacetonitriles that are intermediates of several anti-inflammatory drugs. 25−27 Dialkyl carbonate (DACs) and in particular DMC are, in fact, well recognized green reagents and solvents for innovative synthetic pathways and industrial processes, 28−30 i.e., preparation of cyclic compounds and varnish formulation. 31−36 DMC, nowadays mainly synthesized by CO 2 insertion into epoxides, 29, 30 has shown over the last 20 years a surprising and high selectivity with different monodentate and bidentate nucleophiles. 37−42 The reactivity of the two electrophilic centers of DMC can be modulated according to the hard− soft acid−base (HSAB) theory. DMC acts as a methoxycarbonylation agent via a B Ac 2 mechanism at reflux temperature (T = 90°C) and as a methylating agent, via a B Al 2 mechanism, at higher temperature (T > 150°C). Both reactions give as byproduct only methanol and eventually CO 2 .
Recently, we have reported the synthesis of sulfur and nitrogen half-mustard carbonate analogues via DMC chemistry. Investigations conducted on the reactivity of these novel compounds demonstrated that the replacement of a chlorine atom with a carbonate moiety via DMC chemistry resulted in harmless compounds with interesting reactivity. 43 In this work, in order to expand our knowledge of this class of compounds, we report on the synthesis and chemical behavior of novel half-mustard carbonates 1−4 (Scheme 1) incorporating a propyl or butyl alkyl chain and of double functionalized iprit carbonates 11−13 (Scheme 3).
The reaction mechanisms of the mustard carbonate analogues with a simple nucleophile have also been studied. Following the previously reported data, 43 we have further investigated and compared the reaction kinetics of half-mustard carbonates in order to determine their related activation energy values.
■ EXPERIMENTAL SECTION
General Procedure for Mustard Carbonates 1−4 and 11−13. In a typical experiment, the starting alcohol (1 mol equiv), DMC (10 mol equiv), and potassium carbonate (1 mol equiv) were placed into a round-bottomed flask equipped with a reflux condenser. While being stirred magnetically, the mixture was heated at reflux temperature for 24 h. The reaction mixture was then filtered, and the solvent was evaporated under vacuum.
3-(N,N-Dimethylamino)propyl Methyl Carbonate 1. Reaction of Carbonates with Nucleophiles. In a typical experiment, a mixture of the selected carbonate (1 mol equiv) and the nucleophile (1 mol equiv) in acetonitrile (100 mL) was placed into an autoclave and heated at 180°C while stirring. The progress of the reaction was monitored by GC-MS. After disappearance of the starting nucleophile, the reaction was stopped, and the mixture cooled to room temperature. Then, the solvent was evaporated from the clear solution.
N,N-Dimethyl-3-phenoxypropanamine 6. The resulting oil was dissolved in diethyl ether and washed three times with 200 mL of NaOH 10% aqueous solution. The organic phase was separated, dried with MgSO 4 , and the solvent evaporated. The pure compound was isolated in 84% yield (1.6 g, 8.9 mmol) as a yellowish liquid. GC-MS: calcd for C 11 N,N-Dimethyl-4-cyano-4-(phenylsulfonyl)pentanamine 10. The pure compound was obtained by column chromatography on silica gel using hexane/ethyl acetate (7:3) as elution mixture to recover the desired product in 30% yield (119.0 mg, 0.4 mmol) as a yellow oil. GC-MS calcd for C 13 N,N-Bis-(2-phenoxyethyl) Methylamine 14. The pure compound was obtained by column chromatography on silica gel using as the elution mixture hexane/ethyl acetate (7:3) to recover the desired product in 80% yield (408.0 mg, 1.5 mmol) as a yellow oil. GC-MS calcd for C 17 N-Methyl-4-cyano-4-phenylsulfonyl Piperidine 17. The pure compound was obtained by column chromatography on silica gel using as the elution mixture methanol/hexane (7:3) to recover the desired product in 60% yield (256.0 mg, 1.0 mmol) as a yellow oil. GC-MS calcd for C 13 
■ RESULTS AND DISCUSSION
Nitrogen and sulfur half-mustard carbonates [(N,Ndimethylamino)propyl methyl carbonate 1 and (methylthio)-alkyl methyl carbonates (2 and 3)] have been synthesized in good to high yields (54−75%) by reacting the commercially available alcohol with DMC using the B Ac 2 mechanism in the presence of potassium carbonate (Scheme 1). The related carbonates have been isolated as pure compounds by vacuum distillation. It should be mentioned that similar to the previously reported half-mustard carbonates, 43 these compounds resulted new stable molecules that did not smell or show any vesicant properties or harm for the experiment operators.
It is noteworthy that the reaction of 4-(N,N-dimethylamino)-1-butanol with DMC in the presence of a base did not lead to carbonate 4 but gave the quaternary ammonium salt 5 (Scheme 2). 44 Most probably, the formation of pyrrolidinium salt 5 occurs by a two-step intermolecular cyclization reaction promoted by DMC: methoxycarbonylation of the alcohol by DMC (B Ac 2 mechanism), followed by a fast intramolecular alkylation to form the 1,1-dimethyl pyrrolidinium salt 5 (B Al 2 mechanism).
This reaction is a remarkable example of cyclization via DMC chemistry, although the isolated product 5, being very stable, is not interesting for our case study and was not further investigated. However, it should be mentioned that ammonium salts such as compound 5 could be eventually used as a methylating agent under harsh reaction conditions. 45 Table 1 reports on the reactivity of the half-mustard carbonates 1−3 with several nucleophiles. In a typical experiment, a mixture of half-mustard carbonate and selected nucleophiles were reacted at 180°C in an autoclave using acetonitrile as solvent and without any base.
It was previously reported that in the absence of a base phenol does not react with carbonates derived from 2-methoxyalkyl alcohol because bimolecular substitution (B Al 2 mechanism) is predominant in base-promoted DAC reactions. On the contrary, half-mustard carbonates were shown to react with nucleophiles due to the anchimeric effect. 43 Similarly, 3-(N,N-dimethylamino)propyl methyl carbonate 1 reacts readily with phenol under neutral conditions resulting in highly selective formation (94%) of N,N-dimethyl-3-phenoxypropanamine 6 (entry 1, Table 1 ). However, when Nmethylaniline, a weaker nucleophile, was employed, only a modest conversion and poor selectivity toward the wanted product 7 was observed (entry 2, Table 1 ). Sulfur half-mustard 3-(methylthio)propyl methyl carbonate 2 did not react at all with phenol even after 24 h (entry 3, Table 1 ) under the investigated reaction conditions. On the contrary, 4-(methylthio)butyl methyl carbonate 3 was shown to react with both the phenol and phenylsufonyl acetonitrile with good to moderate yield, respectively, (entries 4 and 5, Table 1 ). All the alkylated products have been isolated and fully characterized.
Most probably, all the above-reported alkylation reactions proceed through a cyclic intermediate aided by the anchimeric 
GC-MS
analysis showed also 35% of monomethylated product and several unidentified products.
Scheme 3. Synthesis of Sulfur and Nitrogen Mustard Carbonates
effect of the nitrogen/sulfur atom (Scheme 2). In particular, reactions involving 3-(N,N-dimethylamino)propyl methyl carbonate 1 and 3-(methylthio)propyl methyl carbonate 2 form the 1,1-dimethylazetidinium and 1-methylthietanium fourmember cyclic intermediates, respectively (Scheme 2).
Results collected (entries 1−3, Table 1 ) seem to suggest that the 1-methylthietanium, only scarcely reported in the literature, 46 is a less stable intermediate compared to 1,1-dimethylazetidinium. 47 Most probably the anchimeric effect of the sulfur mustard carbonate 2 is not strong enough to stabilize the strained four-member cyclic intermediate.
On the other hand, both mustard carbonates 3 and 4 are very reactive. As expected, five-member cyclic intermediates are less sterically strained; thus, sulfur and nitrogen anchimeric effect are strong enough to promote the alkylation reaction. Although, 4-(N,N-dimethylamino)butyl methyl carbonate 4 once formed undergoes fast intramolecular cyclization leading to the very stable quaternary ammonium salt 5 isolated as pure in quantitative yield. Double-functionalized symmetrical mustard (iprit) carbonates were also investigated. Bis-N,N-[(2-alkylcarbonate)ethyl]-methylamine 11−12 and bis-(2-methylcarbonate)ethyl sulfide 13 were easily prepared starting from the commercially available parent alcohols (Scheme 3). Table 2 reports the results collected reacting the mustard carbonates with several nucleophiles. In particular, bis-N,N-[2-alkylcarbonate)ethyl]methylamines 11 and 12 react readily with phenol resulting in a double alkylation in quantitative conversion and high isolated yields (entries 1−2, Table 2 ).
It is noteworthy that the reaction of phenylsulfonyl acetonitrile with mustard carbonate 11 undergoes an intermolecular cyclization leading to the formation of a substituted piperidine 15 (Scheme 4). This reaction was first conducted employing an excess of phenylsulfonyl acetonitrile; however, the bis-alkylated product 17 was never detected. Nmethyl-4-(phenylsulfonyl)-4-cyano-piperidine 15 resulted the main product formed according to GC-MS analysis. The reaction was then repeated employing a stoichiometric amount of phenylsulfonyl acetonitrile resulting in a high yield conversion of the substrate into the substituted piperidine isolated as pure in 60% yield by column chromatography (entry 3, Table 2 ). This reaction is a remarkable example of a intermolecular cyclization proceeding through a double alkylation reaction. Conversely, bis-(2-methylcarbonate)ethyl sulfide 13 did not react with any nucleophiles even at higher temperatures, i.e., 200°C. This result may be ascribed to the steric hindrance of the reagent that was predominant on the anchimeric effect of the sulfur in this reaction conditions.
The reaction kinetics at 180°C of simple nitrogen halfmustard compounds, i.e., 2-(N,N-dimethylamino)ethyl ethyl carbonate 19, have been recently reported. 43 In this work, we report on the reaction kinetics at different temperatures for compounds 18 and 19 ( The resulting reaction kinetics confirmed to be of the firstorder for all the case studies (Table 3 , Supporting Information).
Applying the Arrhenius equation on the kinetic data collected allowed us to determine the activation energy for the reaction of phenol with the half-mustard carbonates 1, 18, and 19 ( Figure 3) . Among the three half-mustard carbonates, 2-(N,Ndimethylamino)ethyl methyl carbonate 18 has the lowest activation energy, while 2-(N,N-dimethylamino)ethyl methyl carbonate 19 has the higher. These results might be explained by carbonate 19 being the most sterically hindered leaving group and thus requiring a higher activation energy to form the cyclic three-member intermediate. However, the reaction mechanism can be also more complicated, i.e., the relative basicity of the leaving group could also play an important role. Mustard carbonate 1 showed an activation energy higher than carbonate 18, as the reaction intermediate is a four-member cyclic compound and lower than mustard carbonate 19 due to the fact that the methylcarbonate is a better leaving group.
Reaction kinetics of sulfur mustard carbonates were also investigated. However, these compounds were not easily detectable by GC-MS analysis, and data collected resulted difficult to interpret.
■ CONCLUSION
In this paper, we report on several new half-mustard and mustard carbonates. Using DMC chemistry, it was possible to domesticate well-known chemical weapons, i.e., mustard compounds. These compounds resulted new, unexplored, and safe molecules showing a good reactivity that might give open access to a variety of compounds previously not easily accessible.
3-(N,N-dimethylamino)propyl methyl carbonate 1 and (methylthio)butyl methyl carbonate 3 both were very reactive toward nucleophiles, meanwhile the (methylthio)propyl methyl carbonate 2 did not react at all under these reaction conditions. 4-(N,N-Dimethylamino)butyl methyl carbonate 4 was never isolated as it readily undergoes intramolecular cyclization forming a quaternary ammonium salt 5 isolated as pure in quantitative yield.
Mustard carbonates 11−13, easily synthesized as pure compounds, showed an intriguing reactivity. Nitrogen mustard carbonates 11 and 12 reacted readily with several nucleophiles leading, in the case of phenylsulfonyl acetonitrile, to a substituted piperidine by intermolecular cyclization. On the other hand, sulfur mustard carbonate 13 did not react with any nucleophile under the studied conditions.
It is noteworthy that in all the reported reactions the carbonate moiety acts as a green leaving group in substitution of the halogen atom.
Finally, the reaction kinetics have been also investigated for the reaction of the three different half-mustard carbonates 1, 18, and 19 with phenol. The calculated activation energy was shown to be lower for half-mustard carbonates 1 and 18 bearing the methylcarbonate group. This could be due to the less sterically hindered leaving group, although a more complicated reaction mechanism cannot be excluded.
In conclusion, newly synthesized sulfur and nitrogen mustard carbonates displayed a chemical behavior and reaction kinetic similar to their parent chlorine compounds. However, mustard carbonates are green, stable, and safe compounds. Furthermore, most of these molecules are unexplored and might provide a novel strategy for the preparation of compounds previously not easily accessible.
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